By definition "ecosystem engineers" are those organisms capable to modify physically the environment by producing "biogenic" structures (BS). Large macroinvertebrates like termites, earthworms and ants produce BS with distinguishable physico-chemical properties. We measured total C org ,
Introduction
Many types of disturbances determine spatial and temporal heterogeneity, i.e. the spatial structure of a given variable in soils (Wiens 2000) . Disturbances also affect processes that may control ecosystem productivity, such as nutrient cycling, organic matter dynamics and soil development (Borman and Likens 1979) .
Disturbances in ecosystems can be also the result of organisms' activities. For instance, soil ecosystem engineers (sensu Jones et al. 1994 ) are those organisms that modify physically the environment in which they live through the creation of biogenic structures (BS) with different physico-chemical properties according to the species and the soil where they carry their activities (Lee and Foster, 1991; Blanchart et al., 1997) . This has detectable effects on habitat structure and constitutes an important source of soil heterogeneity with relevant consequences in soil function (Brussaard et al., 1997) . In fact, they are an important component of tropical soils since BS may cover a large area of the soil surface, although this has rarely been quantified.
In the study of functional impact of soil engineers "soft" biological traits can be easily measured and enable prediction of "hard" traits, i.e. those characters that have direct functional implications but are difficult or not possible to measure (Díaz et al., 1999) . The properties of the BS can be considered as soft traits that relate to hard traits. For this reason, it is necessary to describe the dynamics and processes that occur in the BS and how these are linked to important soil processes and function. The size and morphology of the BS, its abundance and the assessment of their physico-chemical properties are necessary steps to evaluate the indirect effects´ in the environment at different spatial and temporal scales (Anderson, 1995 , Jones et al., 1994 , 1997 Lavelle, 1997) . By so doing, the functional impact of soil ecosystem engineers can be investigated.
A preliminary study on the description of the main BS produced by 14 soil ecosystem engineers in a natural savanna served to establish a typology of the BS (Decaëns et al., 2001 ). This classification clearly discriminated the BS from their physical and chemical properties according to the soil engineer that produced them, i.e. termites, earthworms and ants. The use of Near Infrared Spectroscopy (NIRS) and enzymology analysis confirmed later this typology (Hedde et al., 2005; Mora et al., 2005) .
In soil-feeding termites the soil organic matter is strongly modified forming organomineral complexes with clay. The soil organic matter ingested is further included as faeces in the BS and the galleries (termitosphere), which is more stable and protected from the intense mineralization that occurs in tropical soils. Soil-feeding termite BS are built with materials coming mainly from the topsoil (Anderson & Wood 1988 ). Faeces and salivary excretions are cemented with soil and this has important consequences on the chemical nest environment (Brauman 2000).
Termites are not only an important key group in the natural savannas but also in the gallery forests of the Colombian "Llanos". There is a lack of empirical studies that address the description and characterization of nutrient dynamics in the BS produced by termites, and in particular in the Neotropical savannas and gallery forests. Studies on termites have not been conducted in these vegetation strips associated to the water streams and rivers in the eastern region of Colombia. Some pioneer work regarding the role of termite mounds of Nasutitermes ephratae (Holmgren) in phosphorous dynamics has been done in the savannas of Venezuela by López-Hernández et al., (1989) and more recently on C and N contents (López-Hernández, 2001 ).
These studies have generally focused on the BS as a whole, rather than analyzing different areas within the BS. In this study, we assessed the spatial and temporal variability of the nutrient contents in one termite mound and one arboreal termite nest.
Our main objective was to assess the spatial variability of C org , NO contents within the BS. Two hypotheses were tested in this study: i) that there is a spatial variability in the amount of nutrients owing to the area of the BS, so revealing a nutrient variability in the BS according to the time of deposition, and ii) that differences in the BS construction due to distinct feeding habits will result in different chemical properties in the BS. This approach may reveal new insights in nutrient availability within these structures that may affect important ecosystem processes, like nutrient cycling and organic matter dynamics.
Materials and methods

Study site
The study was carried out in a gallery forest (GF) at the 22,000 ha CORPOICA - 
Sampling of biogenic structures
Two types of BS produced by two species of Nasutitermes Dudley were collected and sampled in this study (Plate 1a, b). a) Nasutitermes n. sp.1
The BS constructed by this termite species was an epigeic conic mound of large size (average size of 57.5 ± 22.5 cm height x 37.8 ± 9.0 cm Ø; n=4). The mound was built with cemented material and the surface was rough with similar colour to the surrounding soil (Plate 1a). b) Nasutitermes n. sp.2
The BS was an arboreal nest rather large (average size of 57.5 ± 9.6 cm height x 50.0 ± 11.0 Ø; n=4) which was located at 1.70-3.70 m height above the soil surface. The BS was a dark-brown coloured pasteboard-like structure that broke easily when touching (Plate 1b). Some leaves in different stages of decomposition were normally observed in the surface of this BS.
We collected material from both BS in the middle of the rainy season of 1999. Those BS that had some part destroyed or affected by a recent deposition of material (moist) were not considered. The sampling procedure is indicated in Figure 1 . Samples from the BS were taken from the center of the BS and at proportional distances, i.e. 0, 20, 40, 60, 80, 100 and 120% (control soil 1) for the large epigeic mound and 0, 50, 100 and 150% (control soil 1) for the arboreal nest. Another soil core was taken 1 m apart from the BS (control soil 2) with a small metal cylinder (5 cm Ø) to sample at two depths, 0-5 and 5-10 cm. In total 68 samples were analysed, 40 for the BS built by Nasutitermes n. sp1. and 28 for the arboreal nest produced by Nasutitermes n. sp2.
Four samples (repetitions) on each different BS were used in each site. Each sample was split in two subsamples, one for C analysis and the other for N analysis, and introduced separately in identifiable plastic bags. These were then put in an ice chest to halt possible further mineralisation processes and carried to the laboratory. Termites that were found in the samples were carefully removed before preserving the samples at 4 °C prior to analysis.
Chemical analyses
Colorimetric methods were used to determine NO contents (Anderson and Ingram 1993) . Total C contents were measured with the colorimetric method after acid digestion (Houba et al. 1988) in samples that were oven-dried at 75 °C for 48 h.
Statistical analyses
Significant differences for each distance class of both BS were tested with ANOVA. The F-test was used for comparisons between distances when significant differences were found. The "R" package (version 2.1.0) was used to perform the analyses and the Sigmaplot software for graph representation.

Results
Nutrient contents in the BS and control soil
Values of
NH in the BS built by Nasutitermes n. sp1 decreased along the BS and ranged from 262.5 to 119.4 μg g dry soil -1 , for the 0 and 100% distance, respectively ( Figure 2a) ; however, no significant differences were detected. Contents of
NH were much higher in the arboreal BS compared with the epigeic mound ( Figure 3a ) (Table 1 ).
In general, these values were higher than 1,000 μg N g dry soil -1 for all sampling distance classes (0, 50 and 100%).
NO high values were obtained in the BS built by Nasutitermes sp1, i.e.
69.9 to 36.0 μg g dry soil -1 in the 0% and 100% distance, respectively, (Figure 4b ). This might indicate that nitrification processes are more important in the epigeic termite mound compared to the arboreal termite nest (Figure 3b ), where microbial populations may have inhibited nitrification.
Total C org contents in the BS built by Nasutitermes sp1 ranged from 14.8 (distance 0) to 21.8% (distance 20%), whereas in Nasutitermes sp2 values were slightly higher, i.e.
21.5 (distance 0) to 31.6% (distance 50%).
No significant differences were found between distances 120% (Nasutitermes sp1) and 150% (Nasutitermes sp2) and control soil for 0-5 and 5-10 cm depths in all variables analyzed ( Figures 3 and 4) .
Effect of sampling distance
In general, a decrease in the nutrient contents as a function of the sampling distance was observed for the epigeic mound built by Nasutitermes sp1, although this decrease was not significant (Figure 3a ). This means that our a priori assumption was correct, and that the most recent material deposited in the BS corresponded to the distance 0%, unless an area in the BS needed to be repaired that might lead to higher values in other sampling distances.
No significant differences were detected in
NO and total C org contents for the BS built by Nasutitermes sp1; however, values throughout the BS were significantly different to those obtained for the control soil (Figure 2a, b) .
We compared values obtained for distances 0, 50 and 100% between both types of BS. In order to establish valid comparisons we used the average value of distances 40 and 60% in the case of Nasutitermes sp1. Significant differences were found for all variables, except for total C org in distances 0 and 100%, respectively (Table 1) .
Discussion
Our results showed a significant spatial variability in nutrient contents throughout the BS, e.g. regarding C org contents in the BS produced by Nasutitermes n. sp2, and in
NO contents in the one produced by Nasutitermes n. sp1. Our results also highlighted a significant spatial variability regarding nutrient contents between the BS and both types of control soil. Hence, attention must be paid when sampling these structures and characterization of chemical properties are sought, since the activities of soil ecosystem engineers contribute to the heterogeneity of important processes, e.g., nutrient cycling, in the BS.
The comparison of our results with those reported in other studies is difficult since the sampling methodology used here has seldom been used before. However, some general considerations can be taken into account. In a study conducted in the Brazilian
Cerrados it was found that soil C org was enriched by a factor of 3.5 (90.2 g kg -1 C org in clayey Oxisols) and 11.5 (109 g kg -1 C org in the loamy Oxisols) in the top of the epigeic mounds of Armitermes and Dihoplotermes (Zech et al., 1999) . In our study, C org ,
NO contents were also higher in the BS compared to the control soil, except in the BS produced by Nasutitermes sp2 (Figure 3 ), since here we compared an arboreal cartontype termite structure with soil.
In the mounds of the Venezuelan savanna termite N. ephratae (Holmgren) López-
NH values of 1528 μg g -1 , whereas in the savanna soil these ranged from 20.4 to 39.9 μg g -1 . This means that as much as 20% of the total nitrogen was found as inorganic nitrogen within this BS. On the other hand,
NO production was negligible in both soils and mound, so that the nitrification rate seemed to be not limited by
NH production (López-Hernández, 2001 ).
In a study conducted in a semi-arid savanna of Senegal (West Africa) Ndiaye et al. (2004) assessed the N content in the BS of Cubitermes niokoloensis Roy-Noel, a representative species of the soil-feeding guild from a dry savanna, and they found that the BS was a hot spot of mineral N (100-times
NH and 50-times
NO ) representing 25% of the total N content of the mound, compared with only 2% in the savanna soil.
This increase was due to the presence of large population of denitrifying bacteria. In our study, the BS built by the soil feeding termite had higher contents in C org , but less
NH and  3 NO ( Table 2 ).
The highest values of
NO were obtained in the BS produced by Nasutitermes sp1.
These values were nearly ten times greater than the values obtained in a set of BS produced by other soil ecosystem engineers in the savannas of Carimagua (Jiménez and Decaëns, 2005) . Compared to other BS where nitrification seems to be inhibited, with values in the external wall of the mound 10 times lower to those found in the soil (Garnier-Sillam and Harry, 1995), in our study a high mineralization process is probably occurring. Nitrifying micro-organisms seem to be activated in the BS produced by Nasutitermes sp1 in the GF. A detailed study on which microbial populations are enhanced or inhibited in these BS merits further investigation.
Termites are the most important decomposers of all invertebrates in tropical forests (Bignell and Eggleton, 2000) . They strongly influence soil organic matter and nutrient dynamics. Differences in nutrient contents observed between BS and the control soil are due to several reasons depending on the species and how these BS were built. Soil feeding termite mounds are constructed with materials from the surface horizon (Anderson and Wood, 1984) . Epigeic termite mounds are normally cemented with soil particles that contain variable quantities of salivary secretions and excrements (Lee and Wood, 1971; Lee and Foster, 1991; Black and Okwakol, 1997; Lobry-de-Bruyn and Conacher, 2000) . Nasutitermes n. sp2, on the other hand, builds an arboreal nest 3 m above the soil surface. It is probably a plant-feeder termite since significant differences were found between this easily breakable pasteboard-like BS and the control soil, in contrast to the BS built by Nasutitermes n. sp1, which likely cement soil particles with salivary secretions and faeces (Wood, 1988 ).
In our case it was also common to observe green areas over the surface of the BS of Nasutitermes n. sp1 indicating the presence of algae and other micro-organisms that might have contributed to the high values of C org observed due to CO 2 fixation processes ( Figure 3d ). Total C org contents in this study were different according to the BS and were in general higher than reported in other studies, for example, the termite mounds of Microcerotermes nervosus Hill 1942 from northern Australia (5-15% C org ). In another species, Amitermes laurensis Mjoerberg C org (%) ranged from 6.9 in the upper part of the termite mound to 3.9 and 1.7 in the central and lower parts, respectively (Okello-Oloya and Spain, 1985) . López-Hernández (2001) found that in termite mounds of the species N. ephratae soil microbial metabolisms was significantly stimulated due to the accumulation of C org (9.3%).
Fall et al. (2001) addressed the concentration of C in different fractions within the mound, providing useful insights to the dynamics of SOM in these structures. They found that a significant part of SOM (60%) was protected in fine particle-size fractions from active mineralization. Since the BS produced by Nasutitermes sp1 had a high content of C org , it is also expected that there is a high concentration of C in the different particle-size fractions. Fall et al. (2001) found that soil feeding termites seem to be responsible for the formation of aggregates of the coarse-silt size (i.e. 20-50 μm). This opens the questions for analyzing other BS produced by different species to test the hypothesis of specific signature of soil feeding termite activity in soils, as suggested by Eschenbrenner (1986) . Specific signatures for different BS produced by large invertebrates can be analyzed with NIRS as shown by Hedde et al. (2005) .
Termite effect on total soil respiration results from direct CO 2 emission from respiration of live tissues (termite and fungal tissues) and from the additional soil respiration due to the stimulation of soil microbial metabolism in the processed material.
Our results indicated that the activities of termites may result in the accumulation of C org aside the BS, an area that may correspond to the "functional domain" hypothesis (Lavelle, 2002) . One further study should be considered to assess the composition of microbial communities in different termite mounds under the hypothesis of different microbial community composition within the same functional domain, and whether this is the result of BS building or habitat preferences by these organisms, as suggested by (Dauber and Wolters, 2000) . Cultures of these BS under lab conditions and fingerprinting studies are also necessary to answer these questions.
Finally, the activity of these soil ecosystem engineers in the gallery forest of the Colombian Llanos increased the spatial variability of soil parameters measured in this study. In general, nutrient concentrations were higher in the BS than in the control soil, except for
NO in the arboreal BS. This indicates the existence of hotspots of nutrients that may affect subsequently ecosystem processes at certain spatial and temporal scales.
In our study we have observed that there seems to be three different areas throughout the BS of Nasutitermes sp1 regarding the dynamics of 
